ABSTRACT: Synaptotagmins are a family of proteins that function in membrane fusion events, including synaptic vesicle exocytosis. Within this family, synaptotagmin IV (Syt IV) is unique in being a depolarization-induced immediate early gene (IEG). Experimental perturbation of Syt IV modulates neurotransmitter release in mice, flies, and PC12 cells, and modulates learning in mice. Despite these features, induction of Syt IV expression by a natural behavior has not been previously reported. We used the zebra finch, a songbird species, to investigate Syt IV because song is a naturally learned behavior whose neuroanatomical basis is largely identified. We observed that, similar to rodents, Syt IV is inducible in songbirds. This induction was selective and depended on the nature of neuronal depolarization. Generalized seizures caused by the GABA A receptor antagonist, metrazole, induced the IEG, ZENK, in zebra finch brain. However, these same seizures failed to induce Syt IV in song control areas. In contrast, when nontreated birds sang, three song control areas showed striking Syt IV induction. Further, this induction appeared sensitive to the social context in which song was sung. Together, these data suggest that neural activity during singing can drive Syt IV expression within song circuitry whereas generalized seizure activity fails to do so even though song control areas are depolarized. Our findings indicate that, within this neural circuit for a procedurally learned sensorimotor behavior, Syt IV is selective and requires precisely patterned neural activity and/or neuromodulation associated with singing.
INTRODUCTION
Immediate early genes (IEGs) offer a promising entry point to detect early changes in the molecular makeup of neural circuits that underlie learning. Unlike many IEG-encoded proteins that serve as transcription factors and thus can influence cellular events only through downstream genes, synaptotagmin IV (Syt IV) is a membrane trafficking-related protein and thus can directly alter the cell biology of neurons (reviewed in Sudhof, 2002) . The synaptotagmin family of proteins is characterized by a transmembrane domain and two C2 calcium-binding domains. Synaptotagmin family members are thought to function in membrane fusion events. Accordingly, synaptotagmins I and II (Syt I and Syt II) participate in presynaptic calcium-mediated vesicle exocytosis. In contrast, the localization and function of Syt IV is less clear. In various studies, anti-Syt IV antibodies have localized the protein to presynaptic membranes, to postsynaptic membranes, to endosomal compartments, or to glia (Berton et al., 2000; Fukuda et al., 2001; Ibata et al., 2002; Zhang et al., 2004; Yoshihara et al., 2005) .
Similarly, various functions have been proposed for Syt IV. Like all synaptotagmins, Syt IV contains the highly conserved C2A and C2B calcium-binding domains, but an amino acid substitution found in the C2A domain of Syt IV (position 244 in mammals and birds, and position 284 in fly) decreases Syt IV's affinity for calcium under some conditions (von Poser et al., 1997; Littleton et al., 1999; Dai et al., 2004) . Unlike other synaptotagmins, Syt IV is an IEG; its mRNA is induced by seizure-producing agents in rodent hippocampus, and by forskolin treatment or potassium depolarization of PC12 pheochromocytoma cells exposed to a protein synthesis inhibitor (Vician et al., 1995) . Together, these observations form the basis for the hypothesis that Syt IV is a short-term regulator of synaptic transmission. However, whether Syt IV antagonizes or mimics the function of Syt I as a presynaptic calcium sensor for neurotransmitter release remains to be resolved. The answer may depend on the system or organism studied and, in Syt IV transgenic studies, on the levels of transgene expression relative to levels of other synaptotagmins and of endogenous Syt IV (Ferguson et al., 1999; Littleton et al., 1999; Wang et al., 2001; Robinson et al., 2002; Dai et al., 2004; Machado et al., 2004; Yoshihara et al., 2005; Ting et al., 2006) . Syt IV null mutant mice exhibit heightened forms of hippocampal short-term plasticity and are impaired in some forms of hippocampus-dependent memory including social transmission of food preference (Ferguson et al., 2000a (Ferguson et al., , 2004 . Despite these intriguing observations, behavioral induction of endogenous Syt IV expression has not been previously demonstrated in any species. Identification of a naturally occurring behavior that induces endogenous Syt IV to physiological levels and within a physiological context may thus provide an experimental system in which Syt IV function could be more reliably elucidated.
We used adult male zebra finches, which are oscine songbirds, to investigate Syt IV induction by neural activity associated with pharmacological versus behavioral events. These birds exhibit a wellcharacterized form of procedural, sensorimotor learning, namely learning to produce their courtship song, and they possess a sexually dimorphic neural circuit, known as the song circuit, which underlies this behavior ( Fig. 1 ; Nottebohm and Arnold, 1976; Reiner et al., 2004) . The song circuit consists of two interconnected pathways, a vocal motor pathway and an anterior forebrain pathway (AFP). The vocal motor pathway includes a cortical-like pallial nucleus known as HVC, which connects to another pallial region called the robust nucleus of the arcopallium (RA) (Nottebohm et al., 1982; Wild, 1993; Sturdy et al., 2003) . The firing of neurons in these areas is directly premotor to song output (Yu and Margoliash, 1996; Hahnloser et al., 2002) . The AFP forms a pallio-basal ganglia-thalamo-pallial loop with input from HVC and output to RA of the vocal motor pathway by way of specialized sub-regions (reviewed in Bottjer and Arnold, 1997; Farries, 2001; Jarvis, 2004) . The AFP is necessary for song modification during development and for song maintenance in adulthood when neurons in this pathway still exhibit vigorous firing patterns during singing (Bottjer et al., 1984; Sohrabji et al., 1990; Scharff and Nottebohm, 1991; Hessler and Doupe, 1999a,b; Williams and Mehta, 1999; Brainard and Doupe, 2000; Kao et al., 2005; Olveczky et al., 2005) .
Zebra finch singing behavior has been classified into two broad categories (Zann, 1996) : \directed" singing refers to when males sing towards a female conspecific during social interactions; \undirected" singing is when males sing alone or in the presence of, but not towards, conspecifics (Jarvis et al., 1998) . These two socially distinct yet acoustically similar behaviors are accompanied by distinct brain activation patterns (Hessler and Doupe, 1999a) , and expression of the IEG ZENK (acronym for zif-268, egr-1, NGFI-A, Krox-24) is robust within Area X of birds singing undirected songs compared with those singing directed songs (Jarvis et al., 1998) .
We examined Syt IV induction in adult birds by pharmacological seizure, and by singing, including singing in different social contexts. We used the GABA A receptor antagonist, metrazole, to induce seizures and used resultant expression patterns of ZENK to confirm that depolarization occurred broadly throughout the telencephalon, as in Mello and Clayton (1995) . As expected from rodent studies (Vician et al., 1995) , we find that Syt IV gene expression is inducible in birds following seizures. Moder-ate Syt IV, but no Syt I, induction occurs in non-song control areas following seizures. Surprisingly, in the song circuit, we did not observe changes in Syt IV gene expression in response to metrazole-induced depolarization, even though these regions contain GABA A receptors (Schmidt and Perkel, 1998; Spiro et al., 1999; Rosen and Mooney, 2000) . In contrast, when adult male zebra finches are allowed to sing, Syt IV expression is induced in three song circuit nuclei: the lateral magnocellular nucleus of the anterior nidopallium (LMAN), HVC, and RA. Further, we find that induction in LMAN depends upon the social context of singing. Our examination of Syt IV expression levels as a function of multiple forms of neural activation (seizure, directed singing, or undirected singing) reveals that Syt IV induction is selective and depends upon the nature of neuronal depolarization. The specific requirement for singing-related, but not seizure-related, neural activity for Syt IV induction within vocal control neurons demonstrates active regulation of Syt IV during production of learned vocalizations in adulthood. Figure 1 shows the experimental timeline used to investigate Syt IV induction by seizure or by singing as well as a schematic of the neuroanatomical areas relevant to these experiments.
METHODS

Animals and Tissues
Adult (101-700 days of age, mean ¼ 209 days) male zebra finches (Taeniopygia guttata) from our closed breeding colony were maintained on a 14:10 h light/dark photoperiod and fed ad libitum. Thirty two birds were analyzed. The University of California at Los Angeles Institutional Animal Care and Use Committee approved all animal use.
Metrazole Administration
Metrazole was administered following previously established protocols (Mello and Clayton, 1995) . Briefly, in the morning after 'lights on', birds (12.8 6 0.3 g) were injected intrapectorally either with saline or with metrazole (0.06 mg/g of bird weight; 0.02 mg/L), a GABA A receptor antagonist and convulsant. Injection volumes ranged from 30 to 55 L. Metrazole-injected birds exhibited convulsions characterized by loss of balance, rapid, uncoordinated movement and then stiffening, and unstructured (non-song) vocalizations. These seizures generally began 2 min after injection and lasted for a few minutes. On two occasions, seizure onset occurred 7-8 min after the injection and lasted for $10 min. Following recovery, most birds exhibited normal daily activity or long periods of quiescence. In some birds, occasional additional seizures occurred. This variable response to metrazole between individuals was not correlated with the amount of metrazole birds received. To Figure 1 Avian song circuit and experimental set up. (A) Schematic sagittal diagram of the avian song circuit depicts two interconnected pathways. The vocal motor pathway (solid black arrows connecting white circles) controls song production and is composed of the cortical-like pallial nuclei HVC and RA and the brainstem motor neurons that innervate the vocal organ and respiratory muscles. The AFP (dashed arrows) allows song modification and is composed of a subset of HVC neurons, striatal Area X (black), thalamic DLM (gray), and pallial LMAN (white). Projections of LMAN neurons join the two pathways at RA, and these same neurons send axon collaterals back to Area X. Dotted line indicates the angle of coronal plane used to generate brain sections. (B) Drawings made from Nissl-stained material show representative hemicoronal sections used for gene expression analysis. Bold outlines indicate song nuclei that were the focus of study. D, dorsal; DLM, medial portion of the dorsolateral nucleus of the anterior thalamus; HVC, HVC (used as the proper name), LMAN, lateral magnocellular nucleus of the anterior nidopallium; M, medial; R, rostral; RA, robust nucleus of the arcopallium; St, striatum; X, song nucleus Area X within the medial striatum. (C) Experimental time-lines used to test for seizure-driven or singingdriven gene induction. T ¼ 0 indicates the onset of either seizure or song in experimental groups. Birds were continuously monitored for singing activity. Birds were sacrificed at one of three time-points: 30 min, 2 or 4 h. restrict this portion of the study to the effects of pharmacological depolarization, birds that sang during or after seizure induction were subsequently excluded from the study.
Behavioral Monitoring
For investigating the effects of seizure activity, males were sacrificed at 30 min, 2 or 4 h after seizure onset (metrazoleinjected birds) or saline injection (control birds). For the 30 min and 2 h time-points, males were kept in an undisturbed place and continuously monitored for general activity and for singing. For the 4-h time-point, males were individually placed in a sound attenuation chamber (Acoustic Systems, Austin, TX) where all sounds were recorded for detection of any singing.
For investigating the effects of singing-related activity, males were acclimated to the experimental environment for 1-2 days by individually housing them in cages placed inside a sound attenuation chamber. Introduction of a female zebra finch to the chamber the night prior to behavioral recording was used to encourage the male to sing the following morning. Initially, we used females simply for this purpose and were not concerned about whether males directed all of their songs to the females. However, later analysis (see below) revealed that, although housed with a female, males sang some undirected songs. We thus refer to this group of singing males as 'mixed-singers' to indicate that they sang both directed and undirected songs. On the morning of the experiment, sound recording began at 'lights on', as previously described (Livingston et al., 2000) . To maximize likelihood of observing motor-driven gene expression (Jarvis and Nottebohm, 1997) , only birds that sang a minimum of 70 song bouts were included in the comparison with non-singing birds. Non-singing birds were housed like the mixed-singers but without females and were inhibited from singing by the investigator sitting near the cage during behavioral monitoring. Only males that did not sing or sang two bouts maximum were included.
For investigation of whether the social context of singing affects Syt IV expression patterns, we tested two additional groups of males: those that sang 100% of their songs to females ('directed-singers') and those that sang alone ('undirected-singers'). For the directed-singers, individual males were presented with a different female every 3-4 min for 2 h while their singing behavior, including body orientation and posture (Zann, 1996) , was closely observed. This frequent replacement of females resulted in performance of 100% directed songs. For undirected singing, individually housed males were allowed to sing for 2 h.
All birds were sacrificed 2 h after the onset of their first song bout (singing) or 'lights on' (non-singing controls). A bout was defined as one or a series of motifs separated from other motifs by more than 1 s.
Tissue Preparation
Birds were sacrificed by decapitation and their brains were rapidly extracted, frozen on aluminum floats on liquid nitrogen, and stored at À808C until use. Brains were sectioned at 20 m coronally using a cryostat (Microm HM560, Micron, Germany). Sections were thaw mounted onto seven sets of microscope slides (Superfrost plus, Fisher, Pittsburgh, PA) in a manner that created essentially replicate sets, allowing for multiple histological comparisons within one bird. Slides were kept at À808C until processing.
Isolation of Zebra Finch Syt I cDNAs
Poly(A + ) RNA was isolated from the brains of !40-day-old zebra finches using Oligotex mRNA Maxi kit (QIAGEN, Valencia, CA) and reversed transcribed using the Marathon cDNA Amplification kit (Beckman Dickinson Biosciences, Palo Alto, CA). The entire coding region of Syt I was obtained through PCR with primers designed based on the chicken Syt I 5 0 -untranslated region (UTR) and 3 0 UTR sequences (sense 5 0 -CGGCAAGCTGACTGTTGTC-3 0 ; antisense 5 0 -GGCTGGAAATGAAAGGACCTA-3 0 ). PCR cycling conditions using BD Advantage TM 2 PCR kit (Beckman Dickinson Biosciences) were (i) 2 min at 948C for 1 cycle; (ii) 15 s at 948C, 30 s at 648C, and 1 min at 728C for 45 cycles; and (iii) 1 min at 728C for 1 cycle.
Amplified cDNAs were subcloned into pCR TOPO-4 vector (Invitrogen Corp., Carlsbad, CA) and sequenced in sense and antisense directions. Three independent clones were sequenced and the consensus sequence was deposited in the GenBank (accession: DQ267216).
Isolation of Zebra Finch Syt IV cDNAs
We screened a cDNA library made from 1-day-old male zebra finch telencephalon. Approximately 5 Â 10 5 pfu were plated on XL1 Blue MRF' cells, lifted onto nitrocellulose membranes (Schleicher & Schuell BioScience Inc., Keene, New Hampshire) and screened with a randomly primed, 32 P-dCTP-labeled, probe prepared from a full length rat Syt IV clone (Vician et al., 1995) (Pharmacia Kit for Random Prime Probe Generation, Amersham Pharmacia Biotech, Piscataway, NJ). Individual positive plaques were isolated after three rounds of screening and in vivo excision was performed to extract (À) p-Bluescript (pBSII-SK, Stratagene, La Jolla, CA) from the phage. Clones were bi-directionally sequenced using T7 and M13 reverse primers. The putative Syt IV clone was then sequenced with an internal primer (5 0 -CTGCCAGCAATGGATGA-3 0 ) to reconfirm that the Asp ? Ser substitution characteristic of orthologous Syt IV C2A domains was present. The clone was then sequenced in sense and antisense directions with six different overlapping primers to confirm that there were no mismatches (GenBank accession: DQ267217).
Zebra Finch Syt I and Syt IV Probe Synthesis
The full length zebra finch Syt I was digested with Spe I to produce the sense cDNA template, or with Not I to produce the antisense cDNA template through in vitro transcription. A Syt IV DNA template, containing full coding sequence plus 3 0 -untranslated regions, was digested with Not I to produce the sense cDNA template, or with Bgl II to produce the antisense cDNA template. A second Syt IV DNA template consisting of only 3 0 UTR was obtained through PCR with primers designed based on the zebra finch Syt IV 3 0 UTR sequence (sense 5 0 -CAGGTTAGAGAGGGGAT-3 0 ; antisense 5 0 -CAAATATGAGTCACTAATAAGTTAC-3 0 ). Two identical clones with opposite orientations were digested with Bgl II to produce both the sense and antisense cDNA template of 341 bp. The linearized templates were then labeled with [
33 P] uridine triphosphate (GE Healthcare, Piscataway, NJ) using Riboprobe Combination System-T3/T7 (Promega Corp, Madison, WI). The riboprobes were purified using BD Chroma spin columns (Beckman Dickinson Biosciences).
ZENK Probe Synthesis
A 1887 bp fragment encoding the canary ZENK cDNA (Mello et al., 1992 ) was digested with EcoR1 and then subcloned into pGEM7 vectors (Promega Corp.) in opposite orientations. These two clones were used to generate the sense and the antisense probes as described above.
In situ Hybridization
To analyze Syt I, Syt IV, and ZENK expression, we performed in situ hybridizations essentially as described in Teramitsu et al. (2004) . Briefly, one of seven sets of brain sections was hybridized with one of six [
33 P] UTP-labeled riboprobes: Syt I sense, Syt I antisense, Syt IV sense, Syt IV antisense, ZENK sense, or ZENK antisense. The seventh set was stained with thionin blue to reveal Nissl substance (Tolivia and Tolivia, 1985) for identification of neuroanatomical structures and to guide localization of the expression patterns for each gene with reference to a songbird brain atlas (Stokes et al., 1974) . Neuroanatomical terms for brain regions used current avian nomenclature (Reiner et al., 2004; Jarvis et al., 2005) . Each in situ hybridization experiment contained slides from the two groups of birds under comparison (i.e. either metrazole-injected and salineinjected, mixed singing and non-singing, or undirected singing and directed singing). Following hybridization, slides were exposed to autoradiographic film (BioMax MR film, Eastman Kodak, Rochester, NY) for 18-24 h for Syt I or 24-48 h for Syt IV and ZENK. Slides were then dipped in liquid emulsion (Kodak NTB-2) and exposed at 48C in lightproof boxes for approximately 2-4 weeks, depending on the relative abundance of the gene and on probe radioactivity levels. Emulsion-coated slides were developed in Kodak D19 developer, fixed in Kodak fixer, and counter stained with thionin blue.
Several criteria were applied in order to assign the observed radioactive labeling to specific neuroanatomical regions. For each anatomical designation: (1) labeling patterns were reliably detected within each group of birds, (2) labeling was observed bilaterally in each area, (3) labeling was observed in consecutive sections, (4) labeling was detected with antisense, but not with sense, probes.
Quantification of Gene Expression and Statistical Analyses
A trained observer blind to the treatment groups performed the initial round of quantification of gene expression. To quantify gene expression intensity for each brain region sampled, photomicrographs of autoradiograms were captured with a MTI DC-330E camera (Dage-MTI, inc. Michigan City, IN) attached to a Leica MZ APO microscope (Leica, Heerbrugg, Switzerland) and converted into an 8-bit digital image, using Adobe Photoshop 1 7.0. For each experimental comparison (metrazole to saline, mixed singing to non-singing, or undirected singing to directed singing) images were captured with identical microscope settings and illumination conditions. An image from an adjacent Nissl-stained section was overlaid on photomicrographs to indicate the targeted area for quantification. Once an area was targeted, the Nissl image was removed. Mean pixel density (optical density, OD), was used as a measurement of labeling intensity. To minimize variability between in situ hybridizations, the OD measurement of a song nucleus or other region of interest [e.g. striatum (St) outside of Area X; ( Fig. 1) ] was normalized by dividing it by the OD of an outlying brain area chosen for its stable gene expression across treatment groups (selected areas of nidopallium; see Supplementary Table) . Normalizing a signal from a region of interest using a stable signal from the same brain section removes variability across experiments due to the length of autoradiogram exposures. The Supplementary Table indicates the regions of interest and the corresponding nidopallial areas selected for normalization as well as the statistical tests that indicate that gene activity did not change in the latter areas as a function of treatment. Normalized measurements from consecutive sections were then averaged per bird. Thus, each bird generated one value per brain region. These values were averaged among birds in the same treatment group. The final value represents averaged normalized OD per brain region. A ratio value of 1 indicates that the mRNA in the region of interest and the outlying areas used for normalization are expressed at similar levels. Quantification of emulsion-coated slides yielded more variable but comparable results to those obtained from film autoradiograms (simple linear regression of data subset; n ¼ 23, r ¼ 0.826, p ¼ 0.001). Emulsion-coated slides require longer processing times; for this reason optical density values from autoradiograms are reported throughout the study. JMP TM statistical analysis software (SAS Institute Inc., Cary, NC) was used to generate an analysis of variance and compute linear regressions. The dependent variable was expressed as the average normalized OD for each song region. The independent variable was treatment type: saline versus metrazole, non-singing versus mixed singing, directed sing-ing versus undirected singing. Nonparametric Wilcoxon, with treatment type as a grouping variable, was used to test whether treatment had an effect on gene expression. Nonparametric statistics were chosen because the data set did not conform to parametric assumptions. Simple linear regressions were used to test whether gene expression levels correlated with amount of singing. Statistical values are reported in the Results and Discussion sections as average normalized OD 6 standard error of the mean (SEM) unless otherwise noted. In graphs, error bars show SEM, while triangles indicate average values obtained for each subject. All tests are 1-way based on published observations that depolarization should increase Syt IV mRNA (e.g. Vician et al., 1995; n.s., nonsignificant) .
LALIGN was used to generate percent identity scores for phylogenetic comparison of synaptotagmin sequences (Huang and Miller, 1991) .
RESULTS
Isolation and Identification of Zebra Finch Syt I and Syt IV
Full length zebra finch Syt I and Syt IV cDNAs were isolated, as well as a 341 bp sequence from the Syt IV 3 0 UTR. Zebra finch Syt I and Syt IV coding sequences contain regions that correspond to the transmembrane and two C2 calcium-binding domains described for all members of the synaptotagmin family. The deduced amino acid identities between the functional domains of zebra finch Syt I and Syt IV and those of several orthologs are shown in Figure 2 . As expected, the putative C2A domain of zebra finch Syt IV contains a single amino acid substitution (Asp ? Ser; position 244) that has thus far been observed in animals as diverse as flies and nematodes (Littleton et al., 1999) , zebra fish (Woods et al., 2005) , and humans (Ferguson et al., 2000b) .
The full length zebra finch Syt I amino acid sequence was 93, 95, and 63% identical to Syt I in rat, human, and fly, respectively. The zebra finch Syt IV amino acid sequence was highly similar to mammalian orthologs: 85% identical to rat and 88% identical to human Syt IV. However, zebra finch Syt IV was only 48% identical to fly Syt IV. Dai et al. (2004) have suggested that there may be functional differences between Drosophila and mammalian Syt IV proteins. The low sequence conservation between the zebra finch and fly Syt IV orthologs (48%) suggests that zebra finch Syt IV might also be functionally distinct from fly Syt IV. In comparison, Syt I is thought to share the same function across species, supported here by the greater sequence conservation between zebra finch and fly Syt I (63%) These observations, together with the high sequence conservation between mammalian and zebra finch Syt IV orthologs (85-88%), suggest that zebra finch Syt IV resembles mammalian, more than Drosophila, Syt IV.
As expected, the zebra finch Syt I and Syt IV sequences were highly similar to those of the chicken (Fig. 2) ; zebra finch Syt I sequence was 99% identical to chicken Syt I and zebra finch Syt IV was 95% identical to chicken Syt IV. Zebra finch and chicken Syt IV shared identical amino acid substitutions at the putative calcium-binding sites within the C2A and C2B domains. Within the Syt IV C2B domain, there was a conservative avian-specific substitution (Glu ? Asp, position 386) in one of the calciumbinding sites [ Fig. 2(B) ].
In situ hybridizations with either the Syt I or Syt IV full length riboprobes with brain sections of unstimulated (non-singing or saline-injected) birds revealed broad, robust expression of both synaptotagmins throughout the zebra finch telencephalon, with differences in their patterns. For example, the Syt I riboprobe strongly hybridized within the ventral mesopallium (M; Supplementary Fig. 1 ) while the Syt IV probe produced more moderate signals (M; Fig. 3 ).
These observations suggest that the riboprobes were specific for their respective sequences, as expected based on the low level of nucleotide identity (57%) between their entire coding regions. The difference in the inducibility of the two genes following depolarization (see below) further suggests that each probe was specific for its target. We confirmed this for Syt IV by comparing expression patterns obtained with the full length versus the 3 0 UTR Syt IV riboprobe. Indeed, the hybridization patterns were identical ( Supplementary Fig. 2 ), indicating specific detection of Syt IV. The bar graph compares average normalized Syt IV mRNA levels in LMAN across treatment groups. ODs of Syt IV signals from saline-injected and metrazole-injected birds show similar intensities. In contrast, mixed singing birds show induced Syt IV mRNA expression relative to non-singing birds (*p ¼ 0.010). Triangles indicate average values obtained for each subject, used to create the group means. The star symbol in the mixed singing group is from a singing bird used for a different study, but that was collected and processed identically to the singing birds presented here. Although not included in the statistical analyses, its Syt IV levels fit within those of the mixed singers, reinforcing the reliability of these results. The bottom scatter plot shows nonnormalized OD measurements that were used to generate the average normalized OD values shown above. Within each group cluster, measurements for an individual bird are aligned vertically. Data are expressed as means 6 SEM. Numbers within parentheses indicate sample size. H, hyperpallium, M, mesopallium; N, nidopallium; NS, non-singing; MS, mixed singing; St, striatum; X, song nucleus Area X of the medial striatum.
Effects of Generalized Seizure Activity on ZENK and Synaptotagmin Expression
To determine whether Syt IV is inducible by seizure in birds, as in rodents (Vician et al., 1995) , we administered the GABA A receptor antagonist, metrazole, or saline to male zebra finches, generally following the procedures of Mello and Clayton, 1995 (Fig. 1) , and compared resultant brain levels of ZENK, Syt I, and Syt IV mRNAs. The IEG ZENK was selected as a positive control of general depolarization (in addition to the seizures themselves) because its robust induction following metrazole administration in zebra finches is well-characterized (Mello and Clayton, 1995) . Syt I was chosen as a negative control because it is not an IEG; therefore its expression should not be modulated by neuronal depolarization (Mahata et al., 1992; Vician et al., 1995) . ZENK, Syt I, and Syt IV mRNA expression levels were evaluated 30 min after seizure, the time at which ZENK induction is detectable following metrazole treatment (Mello and Clayton, 1995) , and peaks following the onset of singing behavior (Jarvis and Nottebohm, 1997) . Expression of all three transcripts was also assessed at 2 and 4 h post-seizure, consistent with the time-course for Syt IV induction in rats (Vician et al., 1995) .
As expected, ZENK mRNA increased markedly in the telencephalon of metrazole-injected birds sacrificed 30 min after seizure onset, relative to saline-injected controls. This observation, coupled with the seizures themselves, confirmed the efficacy of our metrazole injection paradigm in depolarizing regions of the zebra finch brain (Supplementary Fig. 3 ) including song nuclei. Our ZENK data largely confirm those previously reported (Mello and Clayton, 1995) . For example, using quantitative measures similar to those of Mello and Clayton (1995) we found a $2-fold increase in ZENK mRNA levels within song nucleus HVC at 30 min following seizure relative to levels in saline-injected controls (nonnormalized OD 6 SEM: saline ¼ 56 6 2.6, n ¼ 3; metrazole ¼ 100 6 20.0, n ¼ 3; p ¼ 0.049).
Unlike ZENK, Syt I transcripts did not noticeably increase following metrazole-induced seizures, in any brain area, at any time-point ( Supplementary Fig. 1 ). Syt I mRNA was broadly distributed in the zebra finch brain. In all treatment groups, Syt I expression was robust throughout the cortical-like pallium, with lower levels observed in the striatum. Among the song control regions, Syt I expression was high in HVC, but relatively low in LMAN, Area X and RA. Syt I exhibited regionalized expression within thalamic and brainstem structures and showed strong expression in cell layers of the optic tectum and cerebellum ( Supplementary Fig. 1 ).
Although changes in Syt IV expression were observed at 30 min following metrazole-induced seizures, they were not robust (data not shown). By 2 h, however, increases in Syt IV mRNA levels were obvious in the brains of metrazole-injected birds relative to those of saline-injected birds (Fig. 4) , and these changes largely persisted at 4 h (data not shown). Consequently, we quantified Syt IV signals at the 2-h time-point. Intriguingly, Syt IV induction by seizure appeared limited to non-song control areas (Fig. 4) . For example, Syt IV expression in the striatum (St), outside of Area X, was $20% higher in Bar graphs compare normalized Syt IV mRNA levels in Area X and outlying striatum across treatment groups. Optical densities of Syt IV signals in Area X were low relative to the surrounding striatum in saline-injected birds (n ¼ 5) and did not differ from those in metrazole-injected birds (n ¼ 5). In contrast, Syt IV levels increase in the striatum outlying Area X following metrazole injection (*p ¼ 0.045). H, hyperpallium; M, mesopallium; N, nidopallium; St, striatum; X, song nucleus Area X of the medial striatum.
metrazole-injected birds than that in saline-injected birds (saline ¼ 0.83 6 0.04, n ¼ 5; metrazole ¼ 0.99 6 0.04, n ¼ 5; p ¼ 0.043). Of note, within Area X, the striatal region of songbirds that is dedicated to song (Sohrabji et al., 1990; Scharff and Nottebohm, 1991) , there was no Syt IV induction (saline ¼ 0.62 6 0.04; n ¼ 5; metrazole ¼ 0.62 6 0.03; n ¼ 5; n.s., Fig. 4 ). The lack of Syt IV induction in Area X by seizure was in sharp contrast to the robust increase in ZENK levels within Area X that we and others observe at 30 min following metrazole administration (data not shown and Mello and Clayton, 1995) . The nonsignificant statistics for other song control regions that lacked seizure-driven Syt IV induction are reported below in the section on singing, to aid comparison with the significant differences observed when birds sing.
Syt IV null mutant mice are impaired on the rotorod test for motor skill (Ferguson et al., 2000a,b) , a task that depends in part on cerebellar control (Lalonde et al., 1995) . In normal rodents, Syt IV expression in the cerebellum is constitutively high (Vician et al., 1995; Berton et al., 1997; Ferguson et al., 2000a,b) . Therefore, we examined Syt IV expression in the cerebellum of control birds and compared them with birds that had undergone convulsions. In both groups, Syt IV was robustly expressed within the Purkinje and granule cell layers, as indicated by silver grain signals that overlaid these regions on emulsion-dipped slides from all groups (Fig. 5) . As described for mammals, these high basal levels were not affected by seizure (saline ¼ 1.99 6 0.10, n ¼ 3; metrazole ¼ 1.68 6 0.14, n ¼ 6, n.s.).
Summarizing these data, metrazole-driven seizure activity induced Syt IV mRNA in areas of the avian telencephalon at 2 h following seizure. However, Syt IV induction did not occur in major song control regions in response to this pharmacological activation.
Effects of Singing on ZENK and Synaptotagmin Gene Expression
To determine whether singing behavior induces Syt IV in the zebra finch brain, gene expression was analyzed at 2 h after 'lights on' (for non-singing males) or song onset (for singing males -generally within 2.5 h of 'lights on'). The 2-h time-point was chosen because this was the earliest time at which robust Syt IV induction following metrazole-induced seizure was reliably observed. Analysis of the ZENK expression levels revealed that, although housed with females, the singing birds sang some portion of undirected songs ( Supplementary Fig. 4 ). This was evident by high levels of ZENK expression within Area X, as previously demonstrated for undirected singers (Jarvis et al., 1998) . Therefore, we refer to this group of birds as mixed-singers to indicate that they sang both directed and undirected songs.
As with seizure-driven neural activity, singingdriven activity failed to alter Syt I expression levels or patterns. Examination of film autoradiograms suggested that Syt I mRNA levels of singing birds did not differ from those of non-singing birds (Supplementary Fig. 1 ). Figure 5 Syt IV is robustly expressed in cerebellar granule and Purkinje cell layers. Photomicrographs show darkfield images of emulsion dipped coronal section that was hybridized to the full length Syt IV riboprobe (left, middle) or of an adjacent Nissl-stained section (right) within the cerebellum of a mixed singing bird. Silver grains in the dark-field images correspond to the Nissl-dense Purkinje cell bodies (arrows) at left. Gr, granule cell layer; Mol, molecular layer; Pkj, Purkinje cell bodies; WM, white matter.
Unlike seizure, mixed singing resulted in dramatic Syt IV induction in the song control regions LMAN, HVC, and RA (Figs. 3 and 6 ) and decreased Syt IV in Area X (Table 1) . In both saline-injected and metrazole-injected birds, Syt IV mRNA levels in LMAN were comparable to those in the surrounding nidopallium used for normalization (saline ¼ 1.01 6 0.06, n ¼ 5; metrazole ¼ 1.10 6 0.04, n ¼ 5; n.s., Fig. 3) . When birds sang, Syt IV was induced by $50% within LMAN relative to levels of outlying nidopallium. No such induction was observed in any of the non-singing birds (non-singing ¼ 1.06 6 0.05, n ¼ 6; mixed singing ¼ 1.52 6 0.11, n ¼ 4; p ¼ 0.010). Of note, the almost complete lack of overlap between the raw Syt IV optical density values in LMAN of singing birds and the lower values from the other treatment groups [ Fig. 3(B) ] emphasizes the robustness of this finding.
In HVC, Syt IV levels were $25% higher than those in the surrounding nidopallium but were unaffected by seizure (saline ¼ 1.25 6 0.04, n ¼ 6; metrazole ¼ 1.29 6 0.06, n ¼ 4; n.s.; Fig. 6 ). In contrast to seizure, singing induced Syt IV levels in HVC relative to levels from non-singing birds (non-singing ¼ 1.34 6 0.02, n ¼ 6; mixed singing ¼ 1.67 6 0.07, n ¼ 4; p ¼ 0.010). Results from RA were similar to those obtained in HVC. Syt IV levels in RA did not change as a result of seizure activity (saline ¼ 1.06 6 0.06, n ¼ 5; metrazole ¼ 1.04 6 0.06, n ¼ 5; n.s.) but were induced as a result of singing (non-singing ¼ 1.07 6 0.05, n ¼ 6; mixed singing ¼ 1.35 6 0.05, n ¼ 5; p ¼ 0.018). Intriguingly, when birds sang, Syt IV expression within the striatum, including in Area X, was slightly, but significantly, lower than that of non-singing birds (St: non-singing ¼ 0.80 6 0.01, n ¼ 4; mixed singing ¼ 0.72 6 0.02, n ¼ 6; p ¼ 0.033) (Area X: non-singing ¼ 0.66 6 0.02, n ¼ 6; mixed singing ¼ 0.60 6 0.01, n ¼ 4; p ¼ 0.033).
A summary of Syt IV induction in the zebra finch brain, both for metrazole-induced seizures and for mixed singing, is presented in Table 1 . The table shows whether changes in Syt IV expression occurred and the statistical p-values obtained for each region.
To discover whether the social context of singing influences Syt IV induction, as has been shown previously for ZENK (Jarvis et al., 1998) , we examined Syt IV expression levels in a small cohort of birds that sang either 100% directed or 100% undirected songs. Surprisingly, when birds directed their songs entirely to females, Syt IV levels in song nuclei remained stable (Fig. 7) in that they resembled levels obtained from non-singing birds in the prior experiments (Figs.  3 and 6) . In contrast, when birds sang purely undirected songs, Syt IV levels were induced in LMAN relative to levels of directed-singers ( Fig. 7 ; undirected ¼ 1.23 6 0.05, n ¼ 3; directed ¼ 1.04 6 0.03, n ¼ 3; p ¼ 0.049). In fact, the range of values for the two groups did not overlap (range normalized OD, undirected ¼ 1.14-1.29, n ¼ 3; versus directed ¼ 0.98-1.07, n ¼ 3). Qualitatively similar results were obtained for HVC and RA (Fig. 7) , although levels of Syt IV induction were not significant in these areas.
Levels of Syt IV Induction Correlate with Amount of Singing
Syt IV induction in song control nuclei by singing likely results from song-related neural activity in these regions. If this is the case, then greater amounts of singing, driven by increased neural activity, should produce more Syt IV message, as has been shown for ZENK (Jarvis and Nottebohm, 1997) . To test this hypothesis, we counted the number of bouts that each mixed-singer sang [ Fig. 1(C) ]. The number of song bouts was indeed strongly and positively correlated with Syt IV mRNA levels in LMAN, HVC and RA (Fig. 8) , with the strongest correlation observed for HVC (r ¼ 0.96, p < 0.0001). In contrast, there was no correlation between the decreased Syt IV expression in Area X and the number of song bouts (r ¼ 0.14, p > 0.05).
DISCUSSION
Syt IV is unique within the synaptotagmin family of membrane-trafficking proteins; it is the only synaptotagmin that is inducible by neural depolarization (reviewed in Sudhof, 2002) . However, no natural stimulus for Syt IV induction in vivo has been identified previously. Here, using the zebra finch, we show that neural activity associated with singing provides a natural source of depolarization that drives Syt IV expression specifically within song circuit neurons.
We isolated and sequenced zebra finch Syt IV and Syt I complete coding sequences for use in measuring mRNA expression levels. The predicted Syt IV amino acid sequence in birds contains the single amino acid substitution in the C2A domain that is conserved across species from fly to human (Fig. 2) . In vitro, this substitution decreases the calcium affinity (Ullrich et al., 1994; von Poser et al., 1997) and alters the lipid-binding capacity of the molecule (Fukuda et al., 1996) . In unstimulated birds, Syt IV and Syt I mRNAs are broadly distributed throughout the telencephalon. On top of this constitutive expression, we find that Syt IV mRNA is inducible in birds, as it is in mammals (Fig. 4; Ferguson Figure 6 Singing, but not seizure, induces Syt IV in HVC and RA. Syt IV expression in HVC and RA. (A) Top drawing (left) is of the hemi-coronal Nissl-stained section (right) at the level of HVC (arrow) and indicates neuroanatomical boundaries used in gene expression analysis. Middle and bottom photomicrographs of film autoradiograms show representative brain sections hybridized with the Syt IV antisense probe. These reveal Syt IV induction in HVC of mixed singing birds, but no induction in the other groups. (B) Bar graph compares average normalized Syt IV mRNA levels in HVC across treatment groups. Syt IV expression levels are higher in mixed singing than in non-singing birds, while Syt IV signals from saline, metrazole-injected and non-singing birds show similar intensities (*p ¼ 0.010). (C) Top drawing (left) is of a hemi-coronal Nissl-stained section (right) at the level of RA (arrow). Middle and bottom panels show photomicrographs of brain sections hybridized with the Syt IV antisense probe. These reveal Syt IV induction in RA of mixed singing birds, but no induction in the other groups. D) Bar graphs show that Syt IV expression levels are higher in mixed singing than in non-singing birds, while Syt IV signals from saline-injected, metrazole-injected, and non-singing birds show similar intensities (*p ¼ 0.018). The star symbol in the mixed singing group is from a singing bird used for a different study, but that was collected and processed identically to the singing birds presented here. Although not included in the statistical analyses, its Syt IV levels in both HVC and RA fit within those of the mixed singers, reinforcing the reliability of these results. A, arcopallium; HVC, HVC (used as the proper name); Nc, caudal nidopallium; NS, non-singing; MS, mixed singing; RA, robust nucleus of the arcopallium; TeO, optic tectum. Scale bar, 1 mm. Numbers within parentheses indicates sample size. et al., 2004) . However, Syt IV mRNA accumulation following metrazole-driven seizures appears limited to non-song control areas. In contrast, three pallial song circuit nuclei, LMAN, HVC and RA, exhibit striking Syt IV induction when birds sing (Figs. 3 and 6; Table 1 ). Thus, the neural activity associated with singing appears to drive Syt IV expression, whereas generalized seizure activity fails to do so -even though these song nuclei contain GABA A receptors (Schmidt and Perkel, 1998; Spiro et al., 1999; Rosen and Mooney, 2000) , the pharmacological target of metrazole. These data suggest that Syt IV induction in a circuit for procedural, sensorimotor learning requires neural activity that is precisely patterned, rather than generally elevated.
In zebra finches, the transcription factor and IEG ZENK is induced in song nuclei by neural activity associated with singing (Jarvis and Nottebohm, 1997) . ZENK is also induced by metrazole-driven seizures in these same regions (our data and Mello and Clayton, 1995) . Indeed, lack of ZENK expression in neurons following seizure has been taken as evidence that such neurons are incapable of expressing this IEG (Burmeister et al., 2005) . To our knowledge, Syt IV is the first gene to show induction only by select patterns of depolarization in the song circuit, namely the firing patterns associated with the production of learned song. The activity-regulated cytoskeletal-associated (Arc) gene is another nontranscription factor that is induced by singing in song nuclei and also in auditory processing areas of the songbird brain (Velho et al., 2005) . The role of Arc as an early effector of synaptic plasticity has been well described in mammalian systems where its mRNA is rapidly induced by seizures and by learning (reviewed in Steward and Worley, 2001) . Whether induction of Arc, like Syt IV, is selective for patterned activity over seizure activity within songbird auditory areas Significance levels for regions of interest, including the song control nuclei which are highlighted in the gray box. Nonsignificant values are indicated by n.s. and corresponding p-values are shown in parenthesis. A p-value within an upward arrow indicates Syt IV induction in the experimental groups (metrazole, singing) relative to the control groups (saline, non-singing). A p-value within a downward arrow indicates Syt IV expression decreased in the experimental group relative to the control group. or song nuclei is not known. Distinct activation patterns are likely to activate distinct sets of kinases and transcription factors, including those involved in learning and memory. For example, in hippocampal dendrites, spaced stimuli are effective in stabilizing an activated MAP kinase pathway, leading to protrusion of new dendritic filopodia, whereas a single prolonged stimulus does not (Wu et al., 2001) . Responses of T lymphocytes to different environmental stimulants can result in different frequencies of calcium oscillations which, in turn, activate differential subsets of transcription factors (Dolmetsch et al., 1997) . Patterned neural activity associated with singing may similarly drive a transcriptional cascade distinct from seizure-related pathways, and include factors that activate Syt IV mRNA transcription.
Alternatively, Syt IV induction may be gated by neuromodulation associated with singing. In contrast to pharmacological seizures, courting behavior is associated with a rise in testosterone and other neurochemicals (reviewed in Ball and Balthazart, 2004) . In our initial experiments with singing birds, males (mixed-singers) were housed with females to whom they could direct their courtship songs. However, analysis of ZENK expression revealed high levels in Area X ( Supplementary Fig. 4 ) indicating that, despite the female's presence, not all songs were directed to her (Jarvis et al., 1998) . We thus tested Syt IV induction by singing in a cohort of males that sang either 100% directed or 100% undirected songs. We found that, in LMAN, induction occurred during undirected, but not directed, singing (Fig. 7) . A similar trend was observed in both HVC and RA, but differences in these regions were not significant, potentially due to the following: (1) in the experiment using mixed singers, Syt IV induction was most robust in LMAN ($50%; Fig. 3 ) with a smaller effect in HVC and RA ($25%; Fig. 6 ), indicating that changes in LMAN are more readily observable; (2) the 100% undirected-singers sang fewer songs (range ¼ 107-116 bouts) than the mixed singers (range ¼ 73-220 bouts; Fig. 8) , and the level of Syt IV induction in LMAN, HVC and RA depends on the amount of singing (Fig. 8) ; (3) our sample size was small. Future studies designed to probe the biological basis of the effect of social context on Syt IV induction in LMAN, using larger sample sizes, will provide more evidence as to whether such effects also obtain in HVC and RA.
In zebra finches, neuromodulators such as noradrenaline 'gate' the song-selective auditory responses of song circuit neurons (Dave et al., 1998; Cardin and Schmidt, 2004) . Moreover, pharmacological depletion of noradrenergic inputs to Area X resulted in elevated ZENK expression in directed singers, similar to levels observed in undirected singers (Castelino and Ball, 2005) . This suggests that noradrenergic drive to Area X may normally be high in directed singers, and may suppress ZENK induction during performance of courtship songs to females. If Stars indicate a bird used for a separate study but that was acquired and processed as the mixed singers. Although not included in the statistical analyses, its Syt IV levels fit within those of the mixed singers, reinforcing the reliability of these results. so, noradrenaline and/or other neuromodulators may similarly gate the effect of social context for multiple gene transcripts (Teramitsu and White, 2006) , including Syt IV, within song nuclei.
In the striatum, including song nucleus Area X, Syt IV levels were slightly reduced in singing birds. This reduction may indicate that, within the avian basal ganglia, Syt IV is expressed in cells that are inhibited during singing. For example, Area X contains both striatal and pallidal-like cell types which are both inhibitory (Farries and Perkel, 2002) . One scenario is that, during singing, HVC inputs to Area X excite striatal cell types which, in turn, inhibit pallidal ones. If these pallidal cells express Syt IV, such inhibition could, hypothetically, result in lower Syt IV expression in Area X during singing. Future studies will examine the cellular identity of song circuit neurons that exhibit Syt IV induction.
Our studies do not indicate whether Syt IV regulation by singing is due to the motor act itself, or to auditory feedback of the bird's own song. Singingrelated neural activity and ZENK induction persists in the song circuit of deafened birds (McCasland and Konishi, 1981; Jarvis and Nottebohm, 1997; Hessler and Doupe, 1999a,b) and this activity might induce Syt IV. Future studies in deafened singing birds will clarify whether this is so, and whether deterioration of song quality (Nordeen and Nordeen, 1992; Brainard and Doupe, 2001 ) is associated with altered Syt IV induction.
What is the significance of Syt IV induction in zebra finch song circuitry? Among songbirds, zebra finches are known as \closed-ended learners" meaning that once they are mature, they sing the same song relatively unchanged throughout life. Open-ended learners such as mockingbirds are continuously capable of imitating new sounds. Never-the-less, the entire zebra finch song circuit remains active throughout life and contributes to maintaining song quality (Jarvis and Nottebohm, 1997; Hessler and Doupe, 1999a,b; Williams and Mehta, 1999; Brainard and Doupe, 2000) . Syt IV induction by singing in adult birds may be part of the mechanism for maintenance of adult song quality. Testing young birds whose songs are still undergoing sensorimotor learning will clarify whether behavioral plasticity or behavioral stability is more strongly correlated with modulation of Syt IV levels.
In mammals, Syt IV is proposed to act presynaptically as a negative or homeostatic regulator of neurotransmitter release following its induction by prior depolarization (Vician et al., 1995) . This hypothesis is partly based on Syt IV's C2A domain which has reduced calcium affinity relative to Syt I (von Poser et al., 1997) . Syt IV can heterodimerize with Syt I in vitro (Osborne et al., 1999) . Such heterodimers would presumably be less sensitive to calcium influx than Syt I homomers. Induced Syt IV levels might, therefore, act in a dominant negative fashion to decrease vesicular release in vivo, including at song circuit synapses. Indeed, in PC12 cells, Syt IV overexpression inhibits depolarization-induced vesicular exocytosis (Machado et al., 2004) . However, recent studies in hippocampal cell cultures failed to find any effect of acute Syt IV over-expression on excitatory fast synaptic transmission, release probability, or fusion pore kinetics (Ting et al., 2006) . These findings provoke a rethinking of the dominant hypothesis of Syt IV function but may not accurately depict endogenous Syt IV function in vivo since nonphysiological over-expression of a poor calcium sensor may compensate for the reduced calcium affinity and thus suffice for normal synaptic transmission. Further, in vitro culture conditions might omit other regulatory factors that interact with Syt IV in vivo.
Syt IV null mutant mice have both a behavioral and a synaptic phenotype: behaviorally, they are impaired in the social transmission of food preference and exhibit deficits in associative passive avoidance memory (Ferguson et al., 2000a,b) . In adult songbirds, loss of Syt IV might similarly disrupt the maintenance of socially-learned song. At the synaptic level, Syt IV null mutant mice demonstrate enhanced short-term plasticity in the CA1 region of the hippocampus (Ferguson et al., 2004) . The latter observation includes enhanced paired pulse facilitation, which is thought to occur when the first pulse fails to exhaust the readily releasable pool of vesicles but primes the nerve terminal for even greater release at the second pulse. Whether the enhanced paired pulse facilitation at Syt IV À/À synapses can be interpreted as evidence that wild type Syt IV levels support neurotransmitter release is not clear. Since Syt IV À/À mice lack Syt IV throughout development, levels of other Syt family members may be altered developmentally in compensation for Syt IV loss. Indeed, Syt IV function may depend critically on levels of other Syt family members. To date, no temporally regulated constructs have been used to test the real-time effects of altering Syt IV levels in vivo.
The localization of Syt IV to presynaptic nerve terminals of mammals has been questioned (Berton et al., 2000; Ibata et al., 2000; Fukuda et al., 2001; Zhang et al., 2004) . Moreover, the putative Syt IV ortholog in Drosophila has been localized to the postsynaptic compartment (Yoshihara et al., 2005) . Some of these discrepancies may reflect species differences (Dai et al., 2004) . Because of its greater sequence similarity, the zebra finch Syt IV is likely to function more like its mammalian, than its insect, ortholog (Fig. 2) . Over-expression of Syt IV in mammalian central nervous system cell cultures indicates that at least a majority of the protein is localized to presynaptic nerve terminals and can indeed be found on synaptic vesicles (Ting et al., 2006) .
In contrast to Syt IV, Syt I is not induced in the zebra finch brain either by seizure or by singing (Supplementary Fig. 1 ). This result is expected; in other systems Syt I is not an IEG. In zebra finches, we find robust constitutive levels of Syt I mRNA broadly distributed throughout the telencephalon with a few exceptions: in the song nuclei LMAN and RA, Syt I is low relative to the surrounding nidopallium and arcopallium, respectively. Syt I levels are also low in the medial striatum, including within the song nucleus Area X. The pallial HVC area is the only song nucleus we examined in which we observed high Syt I levels, even more robust than outlying regions. It is upon this varied background of song circuit Syt I expression (low in LMAN and RA, but high in HVC) that Syt IV induction occurs during singing. The ratio of Syt I to Syt IV protein may determine the synaptic consequences of Syt IV induction. During singing, the zebra finch song circuit thus contains at least two distinct Syt IV:Syt I ratios -a high ratio in LMAN where Syt IV is induced on a background of low Syt I expression, versus a lower ratio in HVC where Syt IV induction is balanced by high constitutive Syt I expression. Future electrophysiological experiments could examine the synaptic effects of naturally-driven induction on a background of high Syt I levels in HVC versus a background of low Syt I levels in LMAN.
In summary, studies with zebra finches, a songbird species, have identified a naturally learned behavior that induces unique Syt IV neural expression patterns that correlate with the behavior. The use of natural behaviors to induce Syt IV in songbirds and in other systems may illuminate the synaptic function of Syt IV in the underlying circuitry. The failure of generalized depolarization to induce Syt IV in the song circuit indicates that either neuromodulation or patterned neural activity associated with singing is required for Syt IV modulation. Moreover, induction in LMAN by undirected, but not directed, singing may indicate that both neuromodulation and patterned activity are required. As Syt IV is known to be an IEG in other systems, it is tempting to speculate that its induction by patterned neural activity reflects the temporal nature of information coding in neural circuits. The dynamic regulation of Syt IV observed in the song circuit, a specialized cortico-basal ganglia-thalamo-cortical pathway, may extend more generally to other procedurally learned sensorimotor behaviors.
Note Added in Proof
During publication of this manuscript, another study (Wada et al., 2006 ) that examined multiple genes regulated by singing also found Syt IV to be one of them.
